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E-mail address: sonia.condes@upm.es (S. Condés).Despite the increasing relevance of mixed stands due to their potential beneﬁts; little information is
available with regard to the effect of mixtures on yield in forest systems. Hence, it is necessary to study
inter-speciﬁc relationships, and the resulting yield in mixed stands, which may vary with stand develop-
ment, site or stand density, etc. In Spain, the province of Navarra is considered one of the biodiversity
reservoirs; however, mixed forests occupy only a small area, probably as a consequence of management
plans, in which there is an excessive focus on the productivity aspect, favoring the presence of pure
stands of the most marketable species.
The aim of this paper is to study how growth efﬁciencies of beech (Fagus sylvatica) and pine (Pinus syl-
vestris) are modiﬁed by the admixture of the other species and to determine whether stand density mod-
iﬁes interspeciﬁc relationships and to what extent.
Two models were ﬁtted from Spanish National Forest Inventory data, for P. sylvestris and F. sylvatica
respectively, which relate the growth efﬁciency of the species, i.e. the volume increment of the species
divided by the species proportion by area, with dominant height, quadratic mean diameter, stocking
degree, and the species proportions by area of each species. Growth efﬁciency of pine increased with
the admixture of beech, decreasing this positive effect when stocking degree increased. However, the
positive effect of pine admixture on beech growth was greater at higher stocking degrees. Growth efﬁ-
ciency of beech was also dependent on stand dominant height, resulting in a net negative mixing effect
when stand dominant heights and stocking degrees were simultaneously low.
There is a relatively large range of species proportions and stocking degrees which results in transgres-
sive overyielding: higher volume increments in mixed stands than that of the most productive pure pine
stands. We concluded that stocking degree is a key factor in between-species interactions, being the
effects of mixing not always greater at higher stand densities, but it depends on species composition.
 2012 Elsevier B.V. All rights reserved.1. Introduction
The relationship between species diversity and productivity is a
relevant issue in forestry given the increased prominence of mixed
stands due to their potential beneﬁts (Kelty, 2006). Within this
area of research, a number of studies have focused on the general
theory relating forest species diversity and productivity (Erskine
et al., 2005; Vila et al., 2007; Belote et al., 2011), while others have
tackled the comparison of productivity in pure and mixed stands
for speciﬁc species compositions (Brown, 1992; Kelty, 1992; Amor-
oso and Turnblom, 2006; Pretzsch et al., 2010). Most of these latter
studies have been developed for mixtures of two species underll rights reserved.particular growth conditions, but it is difﬁcult to generalize as
regards the mixture effect on yield in forest systems (Scherer-
Lorenzen et al., 2005).
Reduced competition and facilitation between forest species
growing in mixed stands can result in greater productivity of mix-
tures (Kelty, 1992). The complementarity between species fre-
quently leads to overyielding (i.e. yield in mixed stands above
the average for each species in their respective pure stands), and
even transgressive overyielding in some cases (Pretzsch and
Schütze, 2009), that is, yield in mixed stands greater than that of
the most productive species in pure stands. If there is a lack of
complementarity between species or it is not matched to site lim-
iting factors overyielding does not occur (Kelty and Cameron,
1995), while underyielding can be also found under some site
and stand conditions (Pretzsch et al., 2010).
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stands, may vary with stand development, site or stand density
(Jogiste, 2000; Garber and Maguire, 2004; Pretzsch et al., 2010; Ca-
vard et al., 2011). The spatial arrangement and density of plants are
critical factors in the interspeciﬁc relationships as many competi-
tive events are less important or disappear altogether when densi-
ties are defective (Kelty and Cameron, 1995; Amoroso and
Turnblom, 2006). Consequently, niche complementary between
species and the corresponding competition reduction may be more
evident at high densities where above- and below-ground re-
sources per tree are more limited. In the same way, the spatial
arrangement of species is also an important factor as reduction
of competition can be lower when mixture pattern tends towards
grouping (Pretzsch et al., 2012).
One of the main obstacles to research in this area is the difﬁ-
culty associated with obtaining quality experimental data for com-
paring the productivity of pure stands and different mixtures
under similar stand and site conditions. A number of studies have
been based on data from experiments following a replacement ser-
ies (Forrester et al., 2004; Amoroso and Turnblom, 2006; Bristow
et al., 2006), but such trials are frequently carried out using fast
growing species such as eucalyptus, which allow us to obtain re-
sults within a reasonable time span. Other studies have made
use of long term experimental plots in order to compare the pro-
ductivity of pure and mixed stands (Pretzsch et al., 2010). How-
ever, such data are not available at present for many forest
species compositions.
In the absence of this kind of data, forest modeling and/or the
use of large-scale forest inventories provide alternatives for com-
paring productivity in mixed and pure stands (Bartelink, 2000; Val-
let and Pérot, 2011). A wide variety of modeling approaches have
been employed in the study of interspeciﬁc competition relation-
ships, from mechanistic models to empirical models. The scales
used have also differed, tree, size classes or stand levels (Pretzsch,
1999; Porté and Bartelink, 2002). Río and Sterba (2009) used na-
tional forest inventory data and an empirical stand level approach
based on the concept of maximum basal area according to Sterba
(1987) to compare the volume growth in pure and mixed pine-
oak stands growing at different densities. This maximum basal
area allows stand density to be estimated in pure and mixed stands
in a comparable way, as well as permitting the species proportion
by area to be calculated, thereby deﬁning the mixture composition,
taking into consideration the different growth potentiality of each
species (von Laer cit. Prodan, 1959; Sterba, 1998).
In this paper, the above approach has been used, the main
objectives being to study the effect of the admixture one species
on volume growth and to analyze the possible interactions be-
tween density and mixing effects. This method allows us to deter-
mine the mix proportions which lead to transgressive overyielding
in mixed stands. The chosen mixtures were those formed by beech
and Scots pine growing in northern Spain. In many of the areas
where such mixtures could grow in Spain, management plans have
favoured the presence of pure stands of the most marketable spe-
cies, frequently Scots pine, replacing the other species. Over recent
decades, mixed stands have been encouraged (MMA, 2002)
although the consequences of changes in species composition as
regards stand productivity are not known.
Our main hypothesis is that stand density modiﬁes the effect of
mixing species; the effect of admixture species being greater at
high stand densities. The speciﬁc objectives of this work are there-
fore: (a) to assess the extent to which growth efﬁciency in Fagus
sylvatica L. and Pinus sylvestris L. is modiﬁed by the admixture of
the other respective species; (b) to determine whether stand den-
sity modiﬁes interspeciﬁc relationships and to what extent; and (c)
to identify whether overyielding, transgressive overyielding or
non-mixing effects occurs in this mixture.2. Materials and methods
2.1. Study area
The study area is located in the province of Navarra in the North
of Spain, (UTM zone 30N, X 545000–678000; Y 4701000–4794000)
(Fig. 1). In this region beech is currently the main species in terms
of extension and importance, covering approximately 132,000 ha,
which accounts for a third of the total beech distribution in Iberian
Peninsula. Scots pine has frequently replaced the preexisting oak
and beech forests in some forests of this region and now covers
an area of 59,000 ha, making it the second most important forest
type (Navarra, 2000).
To study the inﬂuence of stand composition and density on vol-
ume increment, 695 sample plots of the Spanish National Forest
Inventories (SNFI) were used (Fig. 1). These included all the plots
in the province of Navarra, within an altitudinal range between
400 and 800 m, located in pure stands ofP. sylvestris and F. sylvatica
as well as mixed stands in which these species were present (Table
1). Table 2 shows the distribution of these plots by altitude and
slope classes for pure and mixed stands.
SNFI plots are located at the nodes of a one kilometer square
grid and consist of four concentric sample circles of 5, 10, 15 and
25 m radius, where diameters and heights of all trees over 7.5,
12.5, 22.5 and 42.5 cm breast height diameter respectively are
measured. In this study, data from the Third and the Fourth SNFI
were used, carried out in 1999 and 2008 respectively. The main
stand variables at the beginning of the studied growth period for
the selected plots are shown in Table 1.
A wider data set was used for studying the maximum basal area
according to the Competition Density Rule (see next section). It in-
cludes additional plots located in pure stands of the studied species
from the Third SNFI in adjacent provinces. A total of 1047 plots
were used: 221 for P. sylvestris and 826 plots for F. sylvatica. The
main stand variables for these plots can be seen in Table 3.
2.2. Species proportion by area
To determine the proportion of each species in mixed stands the
species proportion by area was used. According to von Laer (Pro-
dan, 1959), this can be calculated as:
Pi ¼
Gi
GmaxiP
i
Gi
Gmaxi
ð1Þ
where for each of the i species Pi is the species proportion by area, Gi
is the observed basal area per hectare and Gmaxi is the maximum or
potential basal area of species i per hectare in a pure stand. The
numerator is the area of a fully stocked pure stand of species i
needed to exhibit the observed basal area (Gi), and the denominator
is the total area of fully stocked pure stands of all species together
exhibiting Gi respectively (Sterba, 1998).
Thus, it is necessary to determine the maximum or potential
basal area for the two studied species. The method used was that
developed by Sterba (1987) and described in detail by Río and Ster-
ba (2009). This method is based on the Competition Density Rule
deﬁned by Kira et al. (1953) and modiﬁed by Goulding (1972),
who relates the quadratic mean diameter dg to the stand density
N and the dominant height Hdom through the following equation:
dg ¼ 1
a0H
a1
domN þ b0Hb1dom
ð2Þ
Sterba (1987) showed that by calculating the basal area from
this rule and setting the ﬁrst derivative dG/dN to zero, the maxi-
mum basal area can be obtained:
Fig. 1. Location of NFI plots in the Spanish province of Navarra with a UTM grid coordinates zone 30 N.
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ða1þb1Þ
dom ð3Þ
where a0, a1, b0 and b1 are parameters that can be estimated from
plot data for dg, Hdom and N by means of nonlinear regression. How-
ever, Sterba (1987) developed the method in order to make the
Competition Density Rule compatible with Reineke’s maximum
stand density (Reineke, 1933). Thus, given the maximum stand
density according to Reineke’s expression
Nmax ¼ CdEg ð4Þ
where the parameters C and E depend on the species, the Competi-
tion Density Rule (Eq. (2)) can be written depending on these
parameters as follows (Río and Sterba, 2009):
dg ¼ 1
b0
C ð2b0ÞEHa1domN þ b0H
a1
Eþ1
dom
ð5Þ
If the parameters C and E are known for one species (maximum
density line), the only two parameters to be estimated from plot
data are a1 and b0, and maximum basal area can be calculated as:Gmax ¼ p
160;000 b0C ð2b0ÞEb0
H
 a1þ
a1
Eþ1ð Þ
dom ð6ÞTo implement this methodology, plot data from pure stands (gi-
ven in Table 3) were used. In a ﬁrst step Reineke’s maximum stand
density was obtained for the two studied species. Values of the
coefﬁcient E (Eq. (4)) for each species were taken from previous
studies. Hence, for P. sylvestris the value obtained by Río et al.
(2001) EPinus = 1.75 was used and for F. silvatica the value pro-
posed by Pretzsch and Biber (2005) EFagus = 1.789. The C parame-
ters were then estimated as the mean for the ten plots of each
species with maximum density values in order to obtain the max-
imum density line. The number of ten plots has been used rather to
use the plot with maximum density value to avoid singularities.
The Competition Density Rule, depending on two parameters
(Eq. (5)), was then ﬁtted for the two studied species again using
the pure stand data from the Third SNFI (Table 3). The parameters
b0 and a1 in that equation were estimated by non-linear regression
Table 1
Main stand variables at the beginning of the growth period for pure and mixed plots used in growth efﬁciency models.
Species No plots N (trees/ha) G (m2/ha) Hdom (m) dg (cm) IV (m3 ha1 year1)
Pinus sylvestris pure stands 174 Mean 624.12 22.76 13.34 22.03 4.18
sd 440.87 15.27 4.80 6.04 2.68
Min 14.15 0.50 3.80 7.55 0.06
Max 2581.85 82.70 27.82 44.97 12.89
Pinus sylvestris mixed stands 69 Mean 426.08 22.27 18.75 30.08 3.63
sd 423.57 17.55 4.99 9.46 2.64
Min 5.09 0.70 8.27 12.59 0.11
Max 2394.40 73.14 30.23 56.35 9.62
Fagus sylvatica pure stands 452 Mean 494.16 26.82 21.64 32.59 3.49
sd 430.05 10.69 5.02 13.46 1.77
Min 5.09 0.82 6.00 8.65 0.10
Max 3140.23 60.31 36.87 98.04 12.49
Fagus sylvatica mixed stands 69 Mean 451.14 12.13 15.35 26.32 2.32
sd 572.10 11.56 4.83 21.48 2.49
Min 5.09 0.44 6.50 7.65 0.01
Max 2769.30 44.40 29.00 114.80 16.87
Total mixed stands 69 Mean 877.22 34.40 19.36 25.76 5.95
sd 586.14 13.38 4.84 10.76 2.72
Min 40.74 12.74 8.74 12.24 0.77
Max 2986.60 77.52 30.27 78.72 17.37
N is the number of stem per hectare, G is the basal area, Hdom is the dominant height, dg is the quadratic mean diameter and IV is the volume growth increment between 3rd
and 4th SNFI.
Table 2
Altitude and slope distribution for pure and mixed plots used in growth efﬁciency models.
Altitude class 4 Hm 5 Hm 6 Hm 7 Hm 8 Hm Total
Pinus sylvestris 60 50 38 24 2 174
Mixed 2 12 40 13 2 69
Fagus sylvatica 83 187 141 39 2 452
Slope class 1 (0–1.9) 2 (2–7.6) 3 (7.7–12.6) 4 (12.6–21.4) Total
Pinus sylvestris 1 70 88 15 174
Mixed 2 22 28 17 69
Fagus sylvatica 7 205 198 42 452
Table 3
Main stand variables of pure plots used to ﬁt the Competition Density Rule (variables as in Table 2).
Species N plots N (trees/ha) G (m2/ha) Hdom (m) dg (cm)
Pinus sylvestris 221 Mean 803.3 28.69 13.44 22.17
sd 513.8 16.56 4.74 6.94
Min 14.2 0.47 3.50 7.55
Max 2390.9 82.70 27.82 48.66
Fagus sylvatica 826 Mean 533.3 27.15 21.26 32.46
sd 488.7 11.34 5.37 14.96
Min 5.19 0.59 4.00 7.70
Max 3140.2 64.17 36.87 110.10
N is the number of trees per hectare, G is the basal area, Hdom is the dominant height, dg is the quadratic mean diameter.
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late the maximum basal area (Eq. (6)) and the species proportion
by area (Eq. (1)) for any given stand dominant height.
2.3. Stand volume increment
Due to the speciﬁc characteristics of the Spanish National For-
est Inventory plots, a speciﬁc methodology is required to calculate
stand volume growth in each plot. If this circumstance is not taken
into account, negative values for growth per hectare may result,
since a different minimum dbh value is considered for each sam-
pling radius. The method proposed by Hébert et al. (2005) has
been used in this study. Thus, the volume growth has been calcu-
lated as:IV ¼ DVs þ DVm þ DVc þ DVi
t2  t1 ð7Þ
where IV is the mean periodic volume growth measured in m3 -
ha1 year1, and DVs, DVm, DVc y DVi are volume increments corre-
sponding to survival, mortality, harvest and ingrowth during the
period between inventories respectively, while t1 and t2 are the
years in which the initial and ﬁnal inventories were carried out.
The volume of individual trees has been calculated with volume
equations provided by the SNFI. In the case of trees that either died
or were felled between inventories, given the lack of precise data
as to the date on which the harvest took place or the dbh at that
time, it has been assumed that trees were cut at the midpoint of
the period between inventories and the dbh at that time was
Table 4
Parameter estimates (standard error in parenthesis) for the Competition Density Rule.
n is the number of observations and R2 is the adjusted coefﬁcient of determination.
Species n R2 b0 a1
Pinus sylvestris 221 0.7720 0.3276 (0.0346) 0.6464 (0.0303)
Fagus sylvatica 826 0.6139 0.1715 (0.0282) 0.5491 (0.0419)
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ment. Volume growth was calculated for each species in each of
the 695 plots (Table 1).
2.4. Growth efﬁciency
When the proportion by area (Pi) for one species in a mixed
stand is calculated as described above, the growth efﬁciency IVpi
of species i can be deﬁned as the volume increment of species IVi di-
vided by the area occupied by this species: IVpi = IVi/Pi. In this way,
the growth of species i in mixed and in pure stands can be com-
pared. Under the hypothesis that growth efﬁciency (i.e. growth
per hectare of available species) will be an expression of site qual-
ity, age and density, it may be depicted as a function of dominant
height, quadratic mean diameter, and relative density. Since the
SNFI data does not contain age as a variable, we used the Assmann
stand dominant height Hdom (Assmann, 1970), and the quadratic
mean diameter dg, as surrogates. Bearing in mind that the mean
diameter of a standwill depend on age, density and site quality, this
variable will represent age if dominant height and relative density
are given. Dominant height at a given dg will then be an expression
of site quality. Relative density was expressed by the variable A, a
measure of the stocking degree based on the same concept as the
species proportion by area. This variable is deﬁned as the sum of
the areas of fully stocked pure stands of the two species together:
A ¼
X
i
Gi
Gmaxi
ð8Þ
where Gi is the basal area of the species i and Gmaxi the potential ba-
sal area of the same species. The quotient for each species (Gi/Gmaxi )
represents the area of a fully stocked pure stand of the species i
needed to exhibit the observed basal area Gi.
Additionally it must be determined whether this growth efﬁ-
ciency depends on the admixture of the other species. In other
words, if we consider a further hypothesis that the growth efﬁ-
ciency of a species in mixed stands is different from the growth
efﬁciency in pure stands, we end up with a depiction of growth
efﬁciency as follows:
InðIVpÞ ¼ a0 þ a1InðHdomÞ þ a2InðdgÞ þ a3InðAÞ þ biPi þ e ð9Þ
where IVp is the volume increment of one species per hectare of its
available area, hence, its growth efﬁciency; Hdom is dominant
height, dg is the quadratic mean diameter, A is the stocking degree
and Pi is the proportion by area of the species i. Note that the inde-
pendent variables Hdom and dg and A represent the dominant height,
quadratic mean diameter and the stocking degree of the plot, taking
into account all the species together in their calculation.
Additionally, interactions between species proportion by area
and stocking degree and between species proportion by area and
dominant height were tested by including the product of these in
the model as independent variables.
Two models were ﬁtted for P. sylvestris, and F. sylvatica respec-
tively. The linear regression was ﬁtted using the least squares ap-
proach with the R software. A signiﬁcance level p < 0.05 was
considered.
3. Results
3.1. Maximum basal area in pure stands
Reineke’s maximum stand densities, obtained from the densest
pure stands in the SNFI, were as follows:
Pinus sylvestris:
Nmax ¼ 362558:5d1:750gFagus sylvatica:
Nmax ¼ 330087:4d1:789g
where quadratic mean diameter dg is in cm and stand density N is
stem/ha.
Once Reineke’s maximum stand density is known, the Competi-
tion Density Rule depends on only two parameters, which were
estimated for each species by ﬁtting Eq. (5). The estimated param-
eters, all of which were found to be statistically signiﬁcant, are
shown in Table 4.
Using Reineke’s maximum stand density and the estimated
coefﬁcients of the Competition Density Rule, the equations for
maximum basal area (Eq. (6)) are:
Pinus sylvestris:
Gmax ¼ 31:65H0:2155dom
Fagus sylvatica:
Gmax ¼ 32:49H0:1468dom
where maximum basal area G is in m2/ha and dominant height Hdom
in m.
3.2. Growth efﬁciency of species and total growth in pure and mixed
stands
Although the main model proposed was the same for the two
species, it was slightly modiﬁed in each case so that only signiﬁ-
cant coefﬁcients and interactions for each individual species were
included. The ﬁnal models are presented below. The corresponding
estimated coefﬁcients and ﬁtting statistics are shown in Tables 5
and 6, respectively, and the graphs for observed vs predicted and
studentized residuals in Fig. 2:
Pinus sylvestris:
InðIVpÞ ¼ ao þ a1InðHdomÞ þ a2InðdgÞ þ a3InðAÞ þ b1PFsInðAÞ þ e
ð10Þ
Fagus sylvatica:
InðIVpÞ ¼ a0 þ a1InðHdomÞ þ a2InðdgÞ þ a3InðAÞ þ b2PPsInðAÞ
þ b3PPsHdom þ e ð11Þ
In these equations IVp is the growth efﬁciency of the studied
species in m3 ha1 year1, i.e. the volume increment of this species
divided by the species proportion by area, Hdom is the plot domi-
nant height in m, dg is the plot quadratic mean diameter in cm, A
is the stocking degree, and PPs, and PFs are the species proportions
by area of P. sylvestris, and F. sylvatica respectively.
Although the growth efﬁciency of pine was the highest and of
beech the lowest, the relationship between growth efﬁciency,
dominant height and quadratic mean diameter was quite similar
for both species: a positive relationship with the dominant height
and a negative relationship with the quadratic mean diameter. As
both variables were included in the model as surrogates of site
quality and age, it may be interpreted as an increase in growth
per hectare with increasing site quality and a decrease in growth
with increasing age.
Table 5
Estimated coefﬁcient for the ﬁnal growth models (Eqs. (10) and (11)) of the two species (standard errors in parentheses).
Species a0 a1 a2 a3 b1 b2 b3
Pinus sylvestris 0.8821 0.7516 0.3540 0.4460 0.6421
(0.4185) (0.1537) (0.1263) (0.0620) (0.1650)
Fagus sylvatica 2.0430 0.5345 0.6453 0.4958 0.0662 1.0785
(0.3211) (0.1250) (0.0743) (0.0568) (0.0070) (0.2337)
Table 6
Number of data: n, absolute mean error: AME, mean standard error: MSE and
adjusted coefﬁcient of determination R2 for the ﬁnal growth models (Eqs. (10) and
(11)) of the two species.
Species n AME MSE Adjust R2 (%)
Pinus sylvestris 243 0.3368 0.4685 63.14
Fagus sylvatica 521 0.3841 0.5339 44.19
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stocking degree, although there were signiﬁcant interactions be-
tween stocking degree and species proportions, which implies that
the effect of admixture of other species on growth efﬁciency de-
pended on the mixture proportions and stocking degree. Thus,
the growth efﬁciency of pine increases as the proportion of beech
increases, although the inﬂuence of the beech admixture became
less pronounced at higher stocking degrees (Fig. 3 up). The growth
efﬁciency of beech (Fig. 3 down) generally increases with the pro-
portion of pine. However, the effect of the proportion of pine on
beech is modulated for both the stocking degree and the dominant
height. The combination of these two interactions can result in a
positive effect of pine proportion for high dominant heights and
stocking degrees or in a negative one when dominant height and
stocking degree are simultaneously low (Fig. 4).
In addition, it is important to assess the way in which the over-
all growth of the two species together is inﬂuenced by the admix-
ture. Fig. 5 shows different examples illustrating the effect of
dominant height and stocking degree on the stand volume incre-
ment. The volume increment calculated for the mixed stand is
higher than those which would be expected as a sum of volume
increment of pure stands (similar intra and inter-speciﬁc interac-
tion, straight lines in Fig. 5), despite the negative effect of pine pro-
portion by area on the growth of beech at low stocking degrees and
dominant heights. Transgressive overyielding, higher volume
increment than that of the most productive pure stand (pine), is
found with a relatively large range of proportions and stocking de-
grees, as can be seen in the example of Fig. 6.4. Discussion
Whether mixed stands are more productive than pure ones is an
issue still under debate (Pretzsch and Schütze, 2009), with differing
results being obtained according to the forest ecosystem studied. In
this studywe found that in Scots pine-beechmixed forests analyzed,
the effect of mixing on productivity was generally positive, but de-
pends on stocking degree and dominant height of the stand.
This prevalent positive effect of species admixture on volume
growth, might be explained by lower interspeciﬁc competition
due to niche complementarity caused by contrasting characteris-
tics between the studied species, such as crown morphology,
shade-tolerance, root system and architecture (Ruiz de la Torre
and Ceballos, 1979). Beech beneﬁts from the presence of pine prob-
ably also because of the high intraspeciﬁc competition observed in
beech. F. sylvatica exhibits low self-tolerance and high space
sequestration efﬁciency, giving it a clear advantage in mixed for-
ests (Pretzsch and Biber, 2005). Milios (2004) also found that anadmixture of pine awarded a competitive advantage to beech
and for Scots pine, similar positive effect were also identiﬁed in
pine–broadleaf mixtures with several Quercus species (Brown,
1992; Río and Sterba, 2009; Perot and Picard, 2012). Besides niche
complementarity, a facilitation effect associated with broadleaf lit-
ter may also occur since the positive effect of beech admixture on
pine growth is more evident at low densities, where competition is
a less relevant factor. This nutritional effect is not always present
and depends on species and environments (Rothe and Binkley,
2001). However, this effect has not yet been studied in pine-beech
stands in the study area.
A ‘competitive reduction’ occurs frequently in mixtures when
the interspeciﬁc competition for a limiting resource is less than
that in the monospeciﬁc stand (Kelty and Cameron, 1995). Since
limiting resources can change depending on stand development
and site, the different types of between-species interactions can
also change over the life of the stands or in response to environ-
mental conditions (Tilman, 1988; Holmgren et al., 1997; Pretzsch
et al., 2010). The signiﬁcant interaction effect between pine pro-
portion by area and stand dominant height on beech’s growth efﬁ-
ciency model might be related to a higher mixing effect on rich
sites, characterized by high dominant heights for a given age. This
behavior agrees with that found for beech productivity growing
with spruce (Pretzsch et al., 2010), explained by the more severe
intra-speciﬁc competition in beech stands in rich sites than in poor
ones. However, as in our study age is not known, dominant height
cannot be directly associated to site quality class and, conse-
quently, it is not possible to study the effect of site conditions on
between-species interactions.
Our results highlight the fact that stocking degree is also a key
factor in between-species interactions. For beech growth efﬁ-
ciency, the pine admixture effect increased with stocking degree,
which indicates a stronger between-species interaction when
available resources are less abundant for each tree due to the high
density. The abovementioned low level of self-tolerance in beech
and its associated advantage in mixed stands may become more
relevant at higher stocking degrees. This trend in between-species
interactions as stand density increases is supported by the results
of experiments in which spacing was a controlled factor (Garber
and Maguire, 2004; Amoroso and Turnblom, 2006).
In contrast, in the case of Scots pine’s growth, the positive effect
of an admixture of beech decreased as stocking degree increased.
This behavior might be explained by a change in the more impor-
tant limiting factors as stocking degree increases. At lower densi-
ties, beech litter may facilitate pine growth through an
improvement in the nutrient cycle and water storage, since there
is sufﬁcient above and belowground growing space. However, at
higher densities this facilitation effect may be less apparent due
to greater competition for resources. Similar changes in the net ef-
fect of competition and facilitation were reported by Pretzsch et al.
(2010) for spruce–beech mixtures along an environmental gradi-
ent, the beneﬁt for beech increasing at good sites while in the case
of spruce, the beneﬁt of beech admixture was more important at
poor sites. In this regard, Callaway and Walker (1997) highlighted
the difﬁculty of distinguishing between the effects of competition
and facilitation.
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Fig. 2. Fitted vs observed data and graphs of residuals vs predicted and main independent variables of the two growth models (Table 5).
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Fig. 3. Growth efﬁciency IVp of Pinus sylvestris (up) and Fagus sylvatica (down) depending on stocking degree A, the proportions of the other species, dominant height and
quadratic mean diameter 30.
Fig. 4. Data from pure and mixed plots by dominant height and stocking degree.
Line shows the values of dominant height and stocking degree which result in a null
admixture effect of pine on beech growth efﬁciency. Values on the right of the curve
show pair of values for which the interaction of pine result in a positive effect on
beech growth efﬁciency.
S. Condés et al. / Forest Ecology and Management 292 (2013) 86–95 93Where P. sylvestris and F. sylvestris grow alongside each other in
mixed stands, both species exhibit generally higher growth efﬁ-
ciencies and attain higher yields than in their respective pure
stands (Fig. 5). This transgressive overyielding effect was also de-
scribed by Assmann (1970) in a summary of the results obtained
in several experiments carried out inP. sylvestris–F. sylvaticamixed
stands. This higher stand volume growth or transgressive over-
yielding found with determined proportions of species (i.e. Fig. 6)
has important implications for forest management. Diversifying
pure stands through the admixture of other species may lead to
a small reduction in wood yield but brings with it an increase in
other potential beneﬁts such as a higher diversity, greater resil-
ience, etc. (Cannell et al., 1992; Griess and Knoke, 2011). In the
study area, this is particularly interesting since the traditionallyfavoured pure pinewoods can be diversiﬁed without an important
loss in pine wood production.
The main limitation of the data used is the lack of information
about the quality of the site (i.e. site index) and therefore, the re-
sults could be confounded by factors other than those included
(Vilà et al., 2005). However, relationship between dominant height
and diameter have been used as a method of quantifying site pro-
ductivity for uneven-aged and (or) mixed-species stands (Vanclay
and Henry, 1988; Huang and Titus, 1993). So, although we do
not use an exact site index according to site index curves, however
at a given quadratic mean diameter, dominant height can be
understand as a proxy for site quality, avoiding this limitation to
some extent. Despite the high variability and large errors that char-
acterize National Forest Inventory data, the variability in volume
growth explained by the models is relatively high (Table 6) in com-
parison to other studies that have used this kind of data source (Río
and Sterba, 2009). The results presented in this work for the stud-
ied mixtures are reinforced not only by the large number of plots in
beech-pine stands, the ﬁt statistic of the models and their biologi-
cal signiﬁcance but also by the concordance with the ﬁndings of
other studies. Nevertheless, the competitive ability of the studied
species is expected to vary under different climatic conditions (Me-
ier et al., 2011). Hence, the interspeciﬁc relationships identiﬁed
may differ in other areas or under other environmental conditions.5. Conclusions
The employed methodology can be used to analyze the species
admixture effect on growth in mixed stands, even where data from
National Forest Inventories is used. We found that the mixing ef-
fect in Scots pine-beech stands was mainly positive, with a compe-
tition reduction and/or facilitation effect on volume growth of both
species. When determined proportions of the different species are
present, the interactions can result in transgressive overyielding
which has important implications for forest management.
Although previous studies found an increasing effect of mixing
on productivity as the stocking degree increases, we found that
Fig. 5. Volume increment of two species growing in pure and mixed stands, depending on stocking degree A, dominant height and admixtures of pine and beech.
Fig. 6. Grey area shows proportions of pine which result in lower increments than
in pure pine stands for different values of stocking degree A.
94 S. Condés et al. / Forest Ecology and Management 292 (2013) 86–95the interplay between density and mixing effect also depends on
species. Thus, a high stocking degree enhances the positive effect
of pine admixture on beech growth efﬁciency, while the inﬂuence
of beech admixture on pine growth efﬁciency becomes less pro-
nounced with increased stocking degree. Despite the limitations of
our data sources for determining the role of stand density in mixed
stands, our ﬁndings highlight the importance of this factor in be-
tween-species interactions. Future studies concerning productivity
inmixedvs. pure stands should focusmore closely on the interaction
between stocking degree and the effect of mixing on growth.Funding
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